In species other than mouse, little is known about the origin and development of marginal zone (MZ) B cells. Using cross-reactive antibodies, we identified and characterized splenic MZ B cells in rabbits as CD27 + CD23 − . In rabbits in which organized GALT was surgically removed at birth, we found only CD23 + follicular (FO) B cells and almost no CD27 + MZ B cells in the spleen, indicating that GALT is required for the development of splenic MZ B cells. These findings lead us to suggest that commensal microbiota contribute to development of MZ B cells.
Introduction
With the exception of mice, little is known about the origin and development of MZ B cells in mammals, including humans. The gradual decline in the number of circulating MZ B cells in splenoctomized patients suggests that spleen may play a role in the development and/or maintenance of MZ B cells in humans [1, 2] . Because MZ B cells with somatically diversified Ig genes are found in young children [2] [3] [4] and in patients unable to form Tdependent germinal centers [2, 3, 5, 6 ], Weill et al [7] proposed that human MZ B cells develop in GALT in a T-independent manner, analogous to the strategy used by B cells in sheep and rabbits [7, 8] . Unlike spleen, however, the requirement and/or role of GALT for peripheral B cell development cannot be directly addressed in humans. Because we previously used rabbits in which organized GALT (comprised of appendix, sacculus rotundus, and Peyer's patches) was surgically removed at birth (GALTless) [9] , we thought to use these rabbits to investigate the role of GALT in the development of B cell subsets. These GALTless rabbits appeared healthy, with no apparent signs of infection, and exhibited a growth rate that was similar to control littermates. The frequency of peripheral IgM + B cells in these GALTless rabbits was however, significantly reduced, but the identity of the B cells that were reduced or missing could not be determined. In this study, we analyzed frozen tissues preserved from the spleen of these GALTless rabbits and found that both the FO and MZ B cell compartments were perturbed.
Results and discussion

Identification and characterization of MZ B cells
MZ B cells are identified by expression (or lack thereof) of surface Ig, CD23 and CD27 [7, 10] . Because IgD is not found in rabbits [11] , we tested if the expression of IgM, CD23 and CD27 can be used to distinguish rabbit MZ B cells from FO B cells, that we previously [12, 13] described as CD23 + (Fig 1A) . Using a crossreactive anti-human CD27 mAb and antirabbit L chain Ab, we found B cells in the margin of B cell follicles ( Fig 1A) and these were IgM hi (Fig 1B, left) . We used anti-L chain Ab instead of anti-IgM for immunohistology, because the polyclonal anti-L chain Ab provides a stronger signal than does the mAb anti-μ chain Ab. The CD27 + B cells expressed higher levels of complement receptor, CD21 than CD27 − B cells (Fig 1B, middle) , and most CD27 + B cells expressed CD1b (Fig 1B, right) , similar to the expression of CD1 isoforms on human (CD1c) and murine (CD1d) MZ B cells [7, 14] . We conclude that MZ B cells in the spleen can be identified as a CD27 + CD23 − IgM hi phenotype. Essentially all CD27 + cells in the spleen were B cells, and most of them were IgM + ( Fig 1B) ; a few were class-switched B cells (Table 1) . We also found CD27 + B cells in peripheral blood and other lymphoid tissues, including GALT ( Table 2 ). We previously found that some transitional B cells in rabbit spleen localize to the MZ [13] . Human transitional B cells are CD27 − [15] , and we found that most rabbit T1 B cells were also CD27 − ( Fig 1C) ; surprisingly, however, approximately 50% of the T2 B cells were CD27 + (Fig 1C) . We suggest that the CD27 + T2 B cells may be precursors to CD27 + mature MZ B cells. T2 B cells in mice are similarly thought to contain precursors for MZ B cells as well as for FO cells [10] . Functionally, 24 hrs after anti-Ig and CD40L stimulation, we found more CD27 + B cells in cell cycle than CD27 − B cells (Fig 1D) , indicating that CD27 + B cells enter cell cycle more readily than CD27 − B cells. Upon stimulation with CD40L and IL4 for 8 days, we found significantly more total Ig in the culture supernatant of sorted CD27 + B cells than CD27 − B cells (Fig 1E) , suggesting that CD27 + B cells secrete more Ig than CD27 − B cells. We conclude that rabbit CD27 + and CD27 − B cells represent distinct subsets that differ by virtue of their anatomical location, phenotype, and functional properties.
Immunohistological analysis of spleen from GALTless rabbits
To determine if there was a perturbation in the splenic B cell compartment after neonatal removal of GALT, we stained frozen spleen tissues with anti-CD23 and anti-CD27 mAbs to identify FO and MZ B cells, respectively. Unlike control rabbits that had well-defined CD23 + and CD23 − areas (Fig 1F, left) , nearly all B cells in the follicles of GALTless rabbits were CD23 + (Fig 1F, right) . Consistent with this observation, we found almost no CD27 + MZ B cells in the GALTless rabbits (Fig 1G) , indicating that GALT is required for development of MZ B cells.
The intestinal microbiota is required for development of GALT [16] and in the absence of intestinal microbiota, follicles of proliferating B cells are not found in GALT, and the number of peripheral B cells is makedly reduced [9] . In GALTless rabbits, only organized GALT, appendix, sacculus rotundus and Peyer's patches are removed; isolated lymphoid follicles (ILF) [17] and cryptopatches would remain in the GALTless rabbits and be exposed to intestinal microbiota. The apparent absence of MZ B cells in GALTless rabbits indicates that ILF and cryptopatch B cells either do not mature into MZ B cells, or that they give rise to only small numbers of MZ B cells. Notch 2 is important for both murine and human MZ B cell development [18] [19] [20] [21] , and its ligand delta-like-1 (DL1) is expressed by intestinal epithelial cells [22] . We suggest that transitional B cells enter the follicle-associated epithelium and domes of the appendix [13] , interact with DL1 + epithelial cells, and become committed to a MZ fate; these cells would then migrate to the spleen and possibly other tissues. The CD27 + T2 B cells in spleen may represent putative MZ precursors derived from T1 B cells in GALT. In addition to notch2 signals, commensal microbiota in GALT may influence the development and/or maintenance of B cell subsets. Recently, Puga et al [23] identified a subpopulation of commensal-dependent neutrophils, called, "B cell-helper neutrophils" (N BH ) that are required for the development of MZ B cells. They found fewer N BH cells in germfree (GF) and Trif −/− Myd88 −/− mice than conventional mice and proposed that N BH cells are recruited to the spleen through TLR signals derived from commensal bacteria. While investigating the role of resident microbial communities on B cell populations in vivo, Wei et al [24] observed that mice with a restricted microflora (RF) have significantly reduced numbers of MZ B cells compared to specific pathogen-free (SPF) or conventional mice. They demonstrated that an expanded population of cytotoxic CD8 + T cells in the RF mice, rapidly and selectively killed MZ B cells. In other studies, Mazmanian et al [25] elegantly demonstrated that polysaccharide PSA from Bacteroides fragilis influences the balance of CD4 + Th1 and Th2 subsets in vivo, and Ivanov et al [26] showed that segmented filamentous bacterium induces the appearance of CD4 + T helper cells in the lamina propria. Similarly, we suggest that products from the microbial community normally present in the appendix and SR may influence the development and/or maintenance of B cell subsets in vivo. In support of this idea, germfree-appendix rabbits and remote colony rabbits with altered microbiota have reduced numbers of peripheral B cells [27] . Whether these rabbits have a perturbation in the MZ B cell compartment remains to be determined.
Although we defined CD27 + B cells as MZ B cells based on anatomical localization, these cells may also include a large proportion of memory B cells and/or the recently described CD27 + human B1-like cells [28] . The expression of CD27 on a large fraction of classswitched B cells, and the rapid activation of CD27 + B cells with either Ig cross-linking or CD40L engagement is suggestive of an activated/memory phenotype. However, unlike in other species, the presence of somatic hypermutation in the Ig V-region genes cannot be used to identify memory B cells in rabbits, because all B cells are somatically diversified after a few weeks of age [29] . The expression of surface IgD and CD27 is used to classify human B cells into CD27 − IgD high (Naïve), CD27 + IgD low (IgM memory) and CD27 + IgD − (Switched memory) B cells [7, 30] . Rabbits, however do not appear to have IgD [11] and no markers are yet known to specifically identify rabbit memory B cells. Recently, members of the FcR-like (FCRL) family of proteins have emerged as another marker for memory B cells [31] [32] [33] . The FCRL1-6 molecules are highly conserved in humans, dogs, and oppossums, but not mice [34] . Whether these molecules are expressed in rabbits, and can be used to identify memory B cells remains to be determined. Further characterization of CD27 + B cells in peripheral tissues (Table 2 ) may reveal if CD27 in combination with other markers can be used to identify memory B cells in rabbit.
Concluding Remarks
We identified and characterized MZ B cells in rabbits and showed that their absence in GALTless rabbits reveals a hitherto unknown link between GALT and splenic MZ B cells. Further, these studies suggest that rabbits can potentially be used as a model to study human MZ B cell development.
Materials and methods
Rabbits and reagents
Rabbits (4 months to 2 years of age) were maintained at Loyola University Chicago. All studies were reviewed and approved by the Institutional Animal Care and Use Committee of Loyola University Chicago. GALTless rabbits were as described previously [9] . In those studies, the appendix and the ileocecal junction were surgically excised from 1-day-old rabbits. After 3-5 wks, the macroscopically visible Peyer's patches from these rabbits were surgically removed using purse-string sutures. After surgery, these rabbits were maintained under conventional conditions in the colony. At the time of sacrifice, no residual GALT in these rabbits was macroscopically visible.
Reagents used were as follows: anti-IgM (367; BD Biosciences), goat anti-L chain (KLK stock), anti-CD1b (LAT-3; kindly provided by Dr. Steward Sell, Albany Medical College, NY); and cross-reactive, anti-CD21 (BL13), anti-CD23 (9P25; Immunotech), anti-CD24 (M1/169; eBiosciences) and anti-CD27 (LT27; AbD Serotec). Additional reagents were Dylight 649, 549-conjugated and/or biotinylated goat Fab anti-mouse IgG, and streptavidin PE/APC (Jackson ImmunoResearch). Although the specificity of crossreactive anti-CD27, anti-CD23 and anti-CD24 mAbs used in this study has not been determined, these reagents all bind subsets of IgM + B cells and thus identify B cell subsets in rabbits [13] and data described herein].
Flow cytometry and Immunohistochemistry
All flow cytometry data were acquired with FACSCanto or FACSAria (BD Biosciences), gated on live lymphocyte-sized cells on the basis of forward and side scatter, and analyzed using FlowJo software (Tree star). For immunohistochemistry, cryosections (7-8µm) were stained with primary Ab and indirect reagents: Cy2-or Cy3-streptavidin and Cy2-or Dylight 549-goat (Fab) anti-mouse IgG (Jackson ImmunoResearch). Slides were viewed and images processed as described earlier [13] . Frozen spleen tissues were obtained from GALTless rabbits described previously [9] .
Cell cycle analysis
FAC-Sorted splenic CD21 + CD27 + and CD21 + CD27 − B cells were cultured with anti-Ig (10µg/ml) or with irradiated murine CD40L-transfected chinese hamster ovary (CHO) cells in a 100:1 ratio, respectively. After 24 h, cells were fixed with cold 70% ethanol, treated with RNase (50µg/ml), stained with propidium iodide (50µg/ml) and analyzed by flow cytometry.
ELISA
To measure total secreted Ig, sorted splenic CD21 + CD27 + and CD21 + CD27 − B cells (10 4 -10 5 ) were cultured in 200-500µl complete RPMI with murine CD40L-transfected CHO cells (100:1), and human IL-4 (100ng/ml) (R&D Systems Inc). The culture supernatants were harvested after 8 days and the total amount of Ig secreted was determined by ELISA using anti rabbit-L chain-coated microtiter plates. The ELISA was developed using biotinylated anti-L chain Ab and streptavidin HRP (Jackson ImmunoResearch) plus ABTS (Sigma Aldrich) as substrate. 
